Circulating tumor cells (CTCs) detach from primary tumors and enter the bloodstream and thus can be the seeds of metastasis. Increasing evidence has proven that the presence of CTCs in the blood of cancer patients parallels their tumor burden and response to therapy[@b1][@b2][@b3][@b4][@b5][@b6][@b7]. Studies performed in our laboratory as well as by other researchers have indicated that changes in CTC counts are related to therapeutic response. Although CTC count changes are good indicators of response of cancer to drug-based treatments, the need to identify cancer patients at highest risk for aggressive disease is increasing and calls for the identification of reliable protein biomarkers that can be used in conjunction with the CTC count to assess the prognostic significance of these biomarkers.

In a race toward the identification of prognostic biomarkers for different cancers, researchers have discovered several new molecules. One of the most prevalent markers detected is the cell surface glycoprotein programmed death-ligand 1 (PD-L1) (also called B7-H1 and CD274). Authors have reported aberrant expression of PD-L1 in several cancer types[@b8][@b9][@b10][@b11] and that this aberrant expression is associated with poor survival of several solid tumors[@b12]. Interestingly, analysis of PD-L1 expression in CTCs is in the exploratory stages. Mazel *et al.* have recently demonstrated the frequent expression of surface PD-L1 expression on metastatic circulating tumor cells in hormone receptor-positive breast cancer patients[@b13].

Although PD-L1 is mainly a membrane protein, Ghebeh *et al.*[@b14] reported that treatment with doxorubicin downregulates cell surface PD-L1 expression and upregulates its nuclear expression in breast cancer cells, making them chemoresistant. The aberrant expression of PD-L1 in different types of cancers along with mislocalization of it in the nucleus, which promotes drug resistance, indicating poor prognosis for cancer in patients given chemotherapy, prompted us to detect nuclear PD-L1 (nPD-L1) expression in CTCs in the present study. Because CTCs are believed to withstand harsh environments in the blood apart from exposure to chemotherapy, we sought to determine whether expression of nPD-L1 in CTCs has prognostic significance for colorectal and prostate cancer.

Materials and Methods
=====================

Study cohort
------------

This retrospective study was approved by The University of Texas MD Anderson Cancer Center Institutional Review Board. Written informed consent to participate in the study was obtained from all patients. Patients of any age with metastatic colorectal cancer refractory to treatment with 5-fluorouracil or with metastatic prostate cancer who were undergoing palliative chemotherapy at MD Anderson were eligible for this study. Routine diagnostic workup included diagnostic imaging, chest X-rays, bone scans, blood sampling, and clinical examination. Peripheral blood samples were collected from 62 metastatic colon cancer patients and 30 metastatic prostate cancer patients for this study. Clinicopathological information was recorded for all patients at the time of blood collection. Response Evaluation Criteria In Solid Tumors guidelines were used to evaluate each patient's disease status (responding/stable or nonresponding/progression). Because this was a pilot study evaluating the prognostic role of nPD-L1, patients in different cycles of treatment were recruited, and blood was collected at random time points during routine evaluation. Blood samples obtained from five healthy volunteers were tested to determine the specificity of the monoclonal anti-cell-surface vimentin (CSV) 84-1 antibody for cancer cells. Twenty-seven colon cancer and seven prostate cancer patients died over the course of this study. All methods used in this study were performed in accordance with approved guidelines from The University of Texas MD Anderson Cancer Center Institutional Review Board.

Blood collection and processing
-------------------------------

Human blood samples used for CTC analysis were obtained after informed consent was obtained from the patients and healthy donors as per the MD Anderson Institutional Review Board protocol. CTC detection in the samples was conducted as a retrospective study. No attempts to reach a defined statistical power were made. For any given blood draw, a maximum of 7.5 ml of blood was obtained using CPT Vacutainer tubes (BD Biosciences). Single nucleated cells were isolated within 48 h of blood collection as per the manufacturer's recommendation. Cells were then washed in phosphate-buffered saline (PBS) and used for further analysis. Neither patients nor clinicians were informed of the results of the CTC analysis.

84-1^+^ cell selection
----------------------

84-1^+^ colorectal and prostate cancer cell selection was performed to detect cell-surface vimentin (CSV)^+^ cells. First, CD45^+^ cells were depleted using an EasySep human CD45 depletion kit (STEMCELL Technologies) according to the manufacturer's recommendation. To minimize nonspecific binding, an antibody against the human Fc receptor (Miltenyi Biotec) was added to the BSA cocktail. Second, the CD45^−^ cell fraction from blood was subjected to 84-1^+^ selection. Briefly, cells were labeled with the 84-1 antibody; mouse IgG-binding microbeads (Miltenyi Biotec) were added to the mixture later. 84-1^+^ cells were then extracted from CD45- cell population using a magnetic column (Miltenyi Biotec) according to the manufacturer's recommendation. The CTCs thus obtained were 84-1^+^ and CD45^−^ and ready for further analysis. CTCs were then transferred onto glass slides that were fixed using CytoFuge.

Cell lines and transfection
---------------------------

HCT-116 colorectal cancer and HEK-293 human embryonic kidney cells were obtained from the American Type Culture Collection. Cells were grown in Dulbecco's modified Eagle's medium/F12 medium (Sigma-Aldrich) with 10% fetal bovine serum (Gibco, Invitrogen), 1% L-glutamine (Gibco, Invitrogen), and 0.1% penicillin/streptomycin (Gibco, Invitrogen). The cells were maintained at 37 °C in 5% CO~2~. Transfection of PD-L1 in HEK-293 cells was performed using Lipofectamine 3000 (ThermoFisher) as recommended by the manufacturer. Cells after 24 h transfection were used for flow cytometric and confocal analysis.

Microscopic image capture and analysis
--------------------------------------

For *in vitro* analysis of cells, 5000 cells per chamber (8 well chamber) were grown on Lab-Tek eight-well Permanox chamber slides (Thermo Fisher Scientific). For intracellular staining of either cells *in vitro* or CTCs, the cells were fixed using 4% paraformaldehyde for 15 min, washed with PBS (pH 7.4), blocked in 10% fetal bovine serum with 0.25% NP-40 for 1 h, and labeled with the 84-1 antibody (1:100) and an anti-PD-L1 antibody (AHP-1703l; AbD Serotec) overnight at 4 °C. Cells were then rinsed in PBS (pH 7.4) and stained with Alexa Fluor 555 or 647 secondary antibodies (1:250; Invitrogen). For nuclear staining, SYTOX green (1:500; Invitrogen) was incorporated into blocking cocktai**l** along with a secondary antibody for 60 min. The cells were then washed with PBS (pH 7.4) three times for 15 min each and mounted using SlowFade Antifade reagent (Invitrogen). For confocal analysis, images of cells were acquired at 8 bits with a Zeiss LSM 510 confocal microscope and the LSM 5 3.2 image capture and analysis software program (Zeiss). A 63x water-immersion objective lens (NA, 1.0) was used with digital zoom for image capture. All images were acquired by the same operator at the same intensity and photodetector gain to allow for quantitative comparisons of relative levels of immunoreactivity between different samples. nPD-L1^+^ cells were scored for nPD-L1 presence or absence based on the nuclear localization of PD-L1 in them. Cells with both nuclear and membrane expression of PD-L1 were included in the nPD-L1^+^ population, whereas cells with only membrane expression of PD-L1 were included in the nPD-L1^−^ population.

Flow cytometry
--------------

Cells (5 × 10^5^) were detached from cell culture dishes using a nonenzymatic dissociation buffer, washed, and fixed in 4% paraformaldehyde for 20 min on ice in the dark. For PD-L1 analysis in the cells, cells were stained with an anti-PD-L1 antibody (1:100); a rabbit primary antibody (Invitrogen) was used as an isotype control. Later, cells were rinsed twice in PBS and labeled for the Alexa Fluor 555 secondary antibody. Cells were then washed twice in PBS and used for data acquisition immediately with an Attune flow cytometer (Applied Biosystems). Fifty thousand cells were counted for the analysis. Data were later analyzed using the FlowJo software program (Tree Star).

Statistical analysis
--------------------

All statistical analyses were performed using the Prism software program (GraphPad Software). *P* values less than 0.05 were considered significant. Comparison of survival curves for individual groups of \<5 or \>5 CTCs and nPDL1^+^ or nPDL1- cells was performed using the log-rank (Mantel-Cox) test. Hazard ratios (HRs) along with 95% confidence intervals (CIs) were represented in the data. An observed HR greater than 1 indicated a worse outcome for the nPD-L1^+^ group than for the nPD-L1^−^ group and was considered statistically significant if the 95% CI did not overlap 1.

Results
=======

nPD-L1 expression in cancer cells *in vitro*
--------------------------------------------

We tested for nPD-L1 expression in CTC analysis because we made an interesting observation in our initial study of HCT-116 cells *in vitro.* In short, HCT-116 cells exhibited both cytoplasmic/membranous and nuclear localization of PD-L1. The rate of nuclear localization remained below 10% when we densely plated the cells ([Fig. 1A](#f1){ref-type="fig"}), whereas the majority of the cells exhibited membranous and cytoplasmic PD-L1 expression. However, when we plated the cells individually ([Fig. 1B](#f1){ref-type="fig"}), the extent of nuclear localization of PD-L1 was about 90%, suggesting association of the nPD-L1 phenotype with cells lacking cell-cell contact, which is the case for human CTCs.

To determine whether the detected nPD-L1 was true PD-L1, we validated the specificity of the PD-L1-detecting anti-PD-L1 antibody. As a control for the antibody detection, we transfected HEK-293 cells not expressing PD-L1 with a plasmid encoding PD-L1. Our results indicated that the anti-PD-L1 antibody we used was very specific for PD-L1 because it was unable to detect PD-L1 expression in the HEK-293 cells ([Fig. 1C](#f1){ref-type="fig"}), whereas we detected PD-L1 expression in PD-L1 transfected cells ([Fig. 1D](#f1){ref-type="fig"}). However, the rate of nPD-L1 expression in HEK-293 cells was lower than that observed in cancer cells, possibly because of an absence of machinery that translocates PD-L1 to the nucleus.

Also, we tested HEK-293 cells (control- and PD-L1--transfected) for detection of PD-L1 expression using flow cytometry. Our results demonstrated that PD-L1 expression was initially undetectable in these cells but was detectable after transfection ([Fig. 1E](#f1){ref-type="fig"}) as observed from the shift in the histogram.

nPD-L1 detection in human CTCs
------------------------------

Given that detection of nPD-L1 is more prominent in cells lacking cell-cell contacts in an *in vitro* setup, we hypothesized that cancer cells that detach from a tumor and enter the bloodstream (CTCs) exhibit nPD-L1 localization. We previously showed that the 84-1 method that isolates CTCs in patients with epithelial and mesenchymal cancers. Therefore, we tested blood samples collected from prostate, breast, and colorectal cancer and osteosarcoma patients for CTC enumeration using this method[@b1][@b2][@b15]. Our preliminary analysis for PD-L1 detection in CTCs using confocal microscopy suggested that expression of PD-L1 is heterogeneous, with detectable expression in the cytoplasm, membrane, and nucleus. nPD-L1 expression was prominent in CTCs isolated from different tumor types ([Fig. 2](#f2){ref-type="fig"}). To the best of our knowledge, this is the first report of nuclear localization of PD-L1 in CTCs. Blood samples obtained from healthy donors were negative for CTCs.

Correlation between nPDL1 expression and survival in colorectal cancer patients
-------------------------------------------------------------------------------

Given that nPD-L1 expression is detectable in human CTCs, we sought to determine whether detection of it has prognostic relevance for cancer. We collected CTCs from colorectal cancer patients and analyzed them for nPD-L1 expression. To assess the prognostic impact of nPD-L1 expression, we counted the cells with and without nPD-L1 expression. We considered a patient to be nPD-L1^+^ if more than 50% of his or her CTCs expressed nPD-L1 ([Supplementary Table S1](#S1){ref-type="supplementary-material"}). We also evaluated the prognostic significance of total CTC counts (\<5 versus \>5 CTCs per 7.5 mL of blood) and nPDL1 expression (positive versus negative). Total CTC counts yielded an HR for overall survival (OS) of 1.353 (95% CI, 0.5939--3.0820; *n* = 67; *P* = 0.4718) ([Fig. 3A](#f3){ref-type="fig"}) and an HR for progression-free survival (PFS) of 1.373 (95% CI, 0.3221--5.8480; *n* = 27; *P* = 0.6685) ([Fig. 3B](#f3){ref-type="fig"}). Analysis of nPD-L1 expressing CTCs yielded an HR for OS of 2.437 (95% CI, 1.110--5.350; *n* = 67; *P* = 0.0264) ([Fig. 3C](#f3){ref-type="fig"}) and for PFS of 2.599 (95% CI, 0.6681--10.1100; *n* = 27; *P* = 0.1682) ([Fig. 3D](#f3){ref-type="fig"}). These results indicated that nPD-L1 expression in CTCs was associated with a markedly worse outcome in terms of OS than was a lack of this expression but that its expression was not associated with significantly worse PFS in colorectal cancer patients.

Correlation between nPDL1 expression and survival in prostate cancer patients
-----------------------------------------------------------------------------

We also analyzed prognostic data on a small group of prostate cancer patients for whom epithelial-mesenchymal transitioned (EMT) CTCs were enumerated and assessed for their prognostic significance ([Supplementary Table S2](#S1){ref-type="supplementary-material"}). Total CTC counts yielded an HR for OS of 1.182 (95% CI, 0.2400--5.8230; *n* = 30; *P* = 0.8369) ([Fig. 4A](#f4){ref-type="fig"}) and for PFS of 0.2739 (95% CI, 0.009854--7.614000; *n* = 10; *P* = 0.4452) ([Fig. 4B](#f4){ref-type="fig"}). nPD-L1 CTC counts yielded an HR for OS of 4.060 (95% CI, 0.7684--21.4600; *n* = 30; *P* = 0.0990) ([Fig. 4C](#f4){ref-type="fig"}) and for PFS of 38.39 (95% CI, 1.714--859.700; *n* = 10; *P* = 0.0215) ([Fig. 4D](#f4){ref-type="fig"}). The results indicated that nPD-L1 expression in CTCs was associated with markedly worse PFS but not OS. Given the small number of patients analyzed in this group, this association must be analyzed in a larger cohort to better determine impact of nPD-L1 localization as a prognostic marker.

Discussion
==========

Patients with colorectal cancer receive adjuvant chemotherapy after undergoing curative surgery to prevent recurrence or metastasis. Nevertheless, only a few subsets of patients benefit from such treatment. Although advancements in the field of cancer diagnostics have provided new possibilities for prognosis, new prognostic markers that can identify cancer patients who have not benefited from treatment and that have prognostic relevance for predicting survival are needed. CTCs have recently gained momentum as probes that guide monitoring of therapeutic response in cancer patients[@b16][@b17][@b18]. For example, EMT cells are recognized for their drug resistance, stemness, and ability to invade surrounding areas[@b19][@b20][@b21]. Keeping these characteristics of EMT cells and CTCs in mind, EMT CTCs may be key determinants of survival in patients undergoing chemotherapy and would be helpful in understanding prognosis for cancer. We and other researchers have reported on the detection of EMT CTCs in breast, colorectal cancers and their association with aggressive cancer phenotypes[@b1][@b2][@b17]. However, their role as prognostic indicators for cancer remains undetermined.

We aimed to evaluate the role of EMT CTCs isolated from the peripheral blood of cancer patients using CSV as a marker to identify their prognostic relevance. However, CTC counts of 1, 2, 3, 4, and greater than 5 were not associated with significantly worse outcomes in terms of PFS and OS. Among the main factors that may have influenced this outcome were the need for a longer follow-up duration and uniformity in CTC determination at different time points. Of note is that the majority of the studies in which CTCs were enumerated using the CellSearch test used patients who did not undergo treatment; these CTC counts were associated with poor survival[@b22][@b23][@b24][@b25]. However, in patients undergoing curative treatment, these counts were not associated with poor survival, suggesting that the cells detected using CellSearch either underwent EMT or were nearly undetectable. These limitations prompted us to look for new markers of EMT, the expression of which is altered by therapy.

Blocking interaction between the programmed cell death-1 protein and its ligand PD-L1 is reported to produce extraordinary antitumor responses, and researchers in a number of clinical trials are assessing the prognostic relevance of PD-L1 in cancers. Although investigators have performed a large number of CTC studies, there has been only one study that has detected the expression of PD-L1 in CTCs isolated from blood of cancer patients[@b13], however this study doesn't provide compartmentalization of PD-L1 status in CTCs. To fill this gap in knowledge about CTCs, we evaluated PD-L1 expression in different EMT CTCs isolated from cancer patients using the 84-1 method developed in our laboratory. Our initial goal was to evaluate PD-L1 expression in the membranes and cytoplasm of CTCs. However, we were surprised to observe PD-L1 expression in the nuclei of the majority of CTCs, indicating the possibility of mistranslocation of PD-L1 in these cells. A thorough literature search shed light on nPD-L1 expression in breast cancer patients and its possible role in breast cancer progression. These data provided the impetus for us to analyze nPD-L1 expression in patients with different cancer.

To confirm nPD-L1 localization in CTCs, we tested colorectal cancer cells cultured *in vitro* to see if they expressed nPD-L1. Our results indicated lower levels of nPD-L1 expression when the cells were in a larger cluster of cells. However, when we individually plated the cells and analyzed them for PD-L1 expression, we found that they tended to exhibit more nuclear localization than in a cluster of cells. These results prompted us to ask if all types of cancers have this phenomenon. To answer that question, we examined CTCs obtained from breast cancer, prostate cancer, and osteosarcoma patients for nPD-L1 expression. Our results demonstrated that these types of cancer cells do have nPD-L1 expression. A possible explanation for this is that when cells are examined individually, they tend to have patterns of signaling activation different from that in cells examined in groups that promote nuclear translocation of PD-L1. Ghebeh *et al.*[@b14] reported that chemotherapy induces nuclear translocation of PD-L1 and suggested that PD-L1 has functions other than inhibition of T cells. Also, authors reported expression of B7-H3, a member of the B7 superfamily, in the nuclei of colon cancer cells and that this expression was strongly correlated with poor outcome[@b26]. These findings provide further evidence that nuclear translocation of PD-L1 has great prognostic value for cancer.

We reported that detection of CTCs from blood of cancer patients using the 84-1 method predicted therapeutic response in cancer patients. Because PD-L1 expression (both membranous and cytoplasmic) in CTCs did not have prognostic significance, we focused the present study on evaluating nPD-L1 expression in CTCs and its prognostic relevance for cancer. Our results indicated that nPD-L1 expression predicts poor prognosis for colorectal cancer with respect to OS and for prostate cancer with respect to PFS. These results indicated that nuclear localization of PD-L1 may be involved in cancer progression and metastasis and suggested that nuclear PD-L1 expression in CTCs may be a useful prognostic marker for different cancers. However, these results must be confirmed in multicenter prospective studies.
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![Immunofluorescent staining of HCT-116 and HEK-293 cells for PD-L1 (red), anti-CSV 84-1 (green), and nuclei (blue).\
(**A**) Stains as a group of cells. (**B**) Stains of single cell. (**C**) HEK-293 cells stained for PD-L1 (red) and nuclei (blue). (**D**) HEK-293 cells transfected with PD-L1 stained for PD-L1 (red) and nuclei (blue). The images were taken using confocal microscopy. Scale bar, 10 μm. (**E**) Flow cytometric evaluation of intracellular PD-L1 expression vector control-transfected (left panel) and PD-L1--transfected (right panel) HEK-293 cells.](srep28910-f1){#f1}

![PD-L1 expression in CTCs isolated from prostate cancer, breast cancer, colon cancer, and osteosarcoma patients.\
Cells were stained for CSV (green) using the 84-1 antibody, PD-L1 (red), and SYTOX green (pseudo blue). The images were taken using confocal microscopy. Scale bar, 10 μm.](srep28910-f2){#f2}

![Overall Survival (OS) and Progression Free Survival determination in colorectal cancer patients.\
(**A**) OS durations in CTC^+^ patients with colon cancer. (**B**) PFS durations in CTC^+^ patients with colon cancer. (**C**) OS durations in nPDL-1^+^/CTC^+^ patients with colon cancer. (**D**) PFS durations in nPDL-1^+^/CTC^+^ patients with colon cancer.](srep28910-f3){#f3}

![Overall Survival (OS) and Progression Free Survival determination in prostate cancer patients.\
(**A**) OS durations in CTC^+^ patients with prostate cancer. (**B**) PFS durations in CTC^+^ patients with prostate cancer. (**C**) OS durations in nPDL-1^+^/CTC^+^ patients with prostate cancer. (**D**) PFS durations in nPDL-1^+^/CTC^+^ patients with prostate cancer.](srep28910-f4){#f4}
